Aromatic amines are potent carcinogens, present in cigarette smoke and coal-derived synthetic fuels^[@R1]^, and formed during the cooking of protein-rich foods such as meat and fish^[@R2]^. Dye industry workers have been susceptible to bladder cancer, now known to be preventable by eliminating exposure to specific aromatic amines^[@R3]^. 2-acetylaminofluorene, AAF, and its deacetylated derivative aminofluorene, AF, have been intensively studied as model chemical mutagens and carcinogens^[@R4]^. Metabolic processing of AAF by cytochrome P450 enzymes creates reactive intermediates that predominantly bind to the C8 position of guanine, forming covalent \[AF\]G and \[AAF\]G adducts ([Fig. 1a](#F1){ref-type="fig"})^[@R4]^.

The \[AF\]G adduct in mammalian cells and yeast is found to generate base substitutions targeted to the site of the damaged base, resulting in predominantly A and to a lesser extent T misincorporation events^[@R5]-[@R7]^. Furthermore, this adduct can also cause semi-targeted mutations (i.e., substitutions and frameshifts, that occur in the vicinity of the lesion site, but not at the site of the damage), with the correct C opposite the adduct. Experiments with site-specifically modified \[AF\]G oligonucleotides embedded in a plasmid vector replicating in simian kidney (COS-7) cells showed mutation frequencies ranging from 2-4% with C, A and T template bases positioned 5′ to the lesion site, to 70% with a G base placed 5′ to the lesion^[@R5]^.

High-fidelity polymerases including replicative eukaryotic Pol δ^[@R8]^ and *E. coli* Pol III^[@R9]^ preferentially insert correct C and misinsert some A opposite \[AF\]G *in vitro*, but are impeded by the adduct^[@R10]-[@R14]^. However, the bypass of DNA lesions *in vivo* predominantly involves specialized translesion synthesis (TLS) Y-family polymerases that replace stalled high-fidelity polymerases^[@R15]-[@R17]^. Y-family polymerases seem to be involved in error-free and error-prone bypass of bulky aminofluorene lesions in eukaryotic and prokaryotic systems, as illustrated below. In *E. coli*, the introduction of \[AF\]G into a plasmid reduces the efficiency of Pol III-catalyzed replication by ∼30%, suggesting that some polymerase stalling occurs^[@R18]^. Furthermore, induction of the SOS-response activates the Y-family polymerases and modulates \[AF\]G-induced mutation frequencies^[@R18]-[@R20]^. In simian kidney cells, the mutational spectra induced by \[AF\]G are consistent with the *in vitro* miscoding properties of eukaryotic Pol κ^[@R21]^. *In vitro*, the bypass of \[AF\]G lesions by human polymerase κ and *E. coli* Pol IV is relatively inefficient and error-prone^[@R21]^; in contrast, yeast Pol η predominantly inserts C opposite the \[AF\]G lesion and the bypass is more efficient than in the case of Pol κ^[@R22]^.

All known DNA polymerases have a common catalytic core formed by palm, finger and thumb domains^[@R15],[@R23]-[@R25]^. High-fidelity polymerases produce tight-fitting, solvent-excluding, reaction-ready active sites, resulting from conformational changes in the finger domain upon binding of a complementary dNTP^[@R23]-[@R25]^. Furthermore, multiple residues are employed to proofread the minor groove of growing DNA, and terminal mismatches are displaced to an exonuclease domain. In contrast, Y-family polymerases have more spacious and solvent-accessible active sites, and have neither an exonuclease domain nor contact the minor groove edge of template/primer^[@R15]^. The archaeal Y-family polymerase Dpo4 and human Pol κ^[@R26]^ and Pol η^[@R27]^ rely largely on Watson-Crick base pairing for fidelity checks^[@R28]^. These features enable Y-family polymerases to bypass a variety of DNA lesions and concurrently cause a higher error rate and lower processivity on undamaged DNA templates^[@R15],[@R17],[@R29]^.

Crystal structures of a fragment from the high-fidelity A-family *Bacillus* Pol I ^[@R30]^ and phage T7 polymerase^[@R31]^ with an \[AF\]G adduct in the active sites showed that the adduct inhibits the finger domain closure necessary for the nucleotidyl transfer reaction to occur^[@R23]-[@R24]^, thus drastically reducing efficiencies of dCTP insertion opposite \[AF\]G ^[@R32],^,^[@R10]^. The alignments for \[AF\]G opposite correct C^[@R33]-[@R34]^ and mismatched A^[@R35]-[@R36]^ in free DNA duplexes in solution have been studied by NMR, revealing three possible conformations for the AF group: with partner C, AF can be in the major groove with Watson-Crick pairing maintained, or intercalated into the helix with damaged G and its partner extruded; with partner A, AF is in the minor groove and the mismatched G•A pair positioned within the helix. Details are given in [Supplementary Data](#SD1){ref-type="supplementary-material"}.

Both replicative and Y-family polymerases can generate misalignment-mediated replication errors that lead to frameshift mutations, with or without DNA lesions^[@R21],[@R37]-[@R43]^. Misalignment errors are produced via slippage of template/primer-dNTP intermediates that are stabilized by Watson-Crick base pairs surrounding looped out template bases. Recent structural work has shed light into such replication errors. Examples include the X-family polymerase λ^[@R44]^ and Y-family polymerase Dbh^[@R45]^ with misaligned unmodified template/primer complexes in repetitive sequences. Other examples are the structure of a Dpo4 complex with a looped out benzo\[a\]pyrene diol epoxide BPDE-N2-dG adduct^[@R46]^, and more recently, that of a B-family Pol II containing an abasic site^[@R47]^. On the other hand, the mechanism underlying semi-targeted mutagenesis remains elusive.

In this work, we aimed to explore the structural features of intermediates of Dpo4 ternary complexes about to undergo primer extension with terminal 3′-C or 3′-A primer bases opposite an \[AF\]G lesion. The correct dNTP was added to pair with the template base flanking the modified guanine on its 5′-side. In addition, three crystal structures of post-extension ternary complexes with \[AF\]G opposite C or A in primer strands, which had been elongated by one base, were also studied. These structures demonstrate an unusual mode of interaction between the bulky lesion and the little finger domain; the interactions promote template/primer-dNTP alignments leading to extension from a correct primer C base opposite the \[AF\]G(*anti*) in either an error-free or mutagenic manner, with the latter capable of producing semi-targeted replicative errors. Based on these findings, we propose a novel polymerase-stabilized mechanism of mutagenic semi-targeted \[AF\]G translesion bypass by Dpo4.

Results {#S1}
=======

DNA template/primer design for structure determination {#S2}
------------------------------------------------------

In order to crystallize the Dpo4 extension ternary complexes with misinserted A and correct C opposite the \[AF\]G lesion ([Fig. 1a](#F1){ref-type="fig"}) (designated \[AF\]G•A-1 and \[AF\]G•C-1 complexes), we used an \[AF\]G-modified 5′-CTAACG\[AF\]G-¨3′ 19-mer template and 2′,3′-dideoxy-A or 2′,3′-dideoxy-C terminated 13-mer primer strands ([Fig. 1b](#F1){ref-type="fig"}). The post-extension ternary complexes with either A or C opposite the \[AF\]G (designated \[AF\]G•A-2 and \[AF\]G•C-2 complexes) were crystallized with 13-mer primers, which end opposite the C 5′ to the lesion with 2′,3′-dideoxy-G. The structures of the Dpo4 \[AF\]G-modified ternary complexes were solved by the molecular replacement method. The crystal data, together with the data collection and refinement statistics are summarized in [Table 1](#T1){ref-type="table"}.

Structure of the \[AF\]G•A-1 extension ternary complex {#S3}
------------------------------------------------------

The overall structure and conformation of the \[AF\]G•A-1 extension ternary complex ([Fig. 1c,d](#F1){ref-type="fig"}) is similar (Cα r.m.s.d. = 0.98 Å) to the type I unmodified ternary complex^[@R48]^. The Dpo4 polymerase embraces the 19-mer template/13-mer primer DNA by its four domains: palm, finger, thumb, and little finger. Dpo4 enlists three divalent cations, identified previously as Ca^2+^ by anomalous scattering under identical crystallization conditions^[@R49]^. The polymerase active site ions A and B are analogous to the metal ions present in high-fidelity polymerases^[@R50]^. The third cation is coordinated by the loop of the thumb domain ([Fig. 1d](#F1){ref-type="fig"}).

At the (0) position directly below the 'roof' of the active site pocket, a nascent base pair is formed by the C5 template base (5′ adjacent to \[AF\]G) and the incoming dGTP ([Figs. 1b,c, and e](#F1){ref-type="fig"}). The sugar ring of dGTP stacks against the aromatic ring of Tyr12 and the phosphate groups of dGTP are in the normal 'chair' conformation^[@R50]^ ([Fig. 1e](#F1){ref-type="fig"}). The \[AF\]G lesion is at the expected (--1) position of the Dpo4 active site with the AF moiety inserted inside the template/primer double helix and the modified G in the *syn* conformation in the major groove. This base-displaced \[AF\]G(*syn*) alignment is clearly evident from the simulated annealing F~o~-F~c~ omit map shown in [Fig. 1f](#F1){ref-type="fig"}. The N2 group of the modified G contacts the oxygens of the phosphate group of the adjacent C5 template base and there is a water molecule near the O6 atom of the G ([Fig. 1g](#F1){ref-type="fig"}). The face of the modified G is stacked against C5 and the hydrophobic AF-moiety is sandwiched between the base of the dGTP and the adjacent C7•G13 base pair ([Fig. 1h](#F1){ref-type="fig"}). While only the phosphate group of the partner residue A14 is well-defined in the electron density map ([Fig. 1f](#F1){ref-type="fig"}), there is no room for the A14 base and sugar within the AF-invaded double helix ([Fig. 1h](#F1){ref-type="fig"}). Thus, the partner A14 base and sugar are pushed out of the double helix by the AF-moiety and apparently take multiple conformations outside the double helix; this results in the absence of ordered electron density. Hence, the \[AF\]G(*syn*) blocks primer extension from A14 and the \[AF\]G•A-1 complex is not catalytically competent.

'Correct' extension from \[AF\]G(*anti*)•C base pair {#S4}
----------------------------------------------------

The \[AF\]G•C-1 extension complex ([Fig. 2a](#F2){ref-type="fig"}) has two distinct molecules in the asymmetric unit (AU), labeled 1 and 2. These molecules reflect 'correct' (molecule 1) and 'mutagenic' (molecule 2) extension from a C base opposite the \[AF\]G lesion (see **Discussion** section). In molecule 1, the incoming dGTP forms a nascent base pair with template C5 ([Fig. 2b,c](#F2){ref-type="fig"}), as expected. The AF-moiety is positioned outside the template/primer helix on the major groove side of the nascent duplex; the modified G is in the *anti* conformation and forms a Watson-Crick base pair with 3′-terminal primer base C14 ([Fig. 2c,d](#F2){ref-type="fig"}). The dGTP is positioned in a lower alignment relative to the active site, with the sugar ring of dGTP no longer in a stacking range with Tyr12, in contrast to the alignment observed in \[AF\]G•A-1 ([Fig. 1e](#F1){ref-type="fig"}). The phosphate groups of the dGTP are in the unusual 'goat-tail' conformation similar to that observed previously in the Dpo4 complex containing a mismatch^[@R50]^. Moreover, the nascent C5•dGTP base pair is shifted relative to the adjacent \[AF\]G(*anti*)•C pair, so that the base of dGTP is above the center of the modified-G•C base pair ([Fig. 2e](#F2){ref-type="fig"}), and C5 is above the AF-moiety. Interestingly, the base of A4, 5′ to C5, resides in the same plane as the base of C5, thus forming an A4-C5 platform that stacks against the long hydrophobic face of the AF. The side chains of the Dpo4 little finger domain residues Arg331, Arg332 and Leu293 partially enclose and shield the AF-moiety from the solvent ([Fig. 2e](#F2){ref-type="fig"}).

'Mutagenic' extension from \[AF\]G(*anti*)•C base pair {#S5}
------------------------------------------------------

In molecule 2, the template bases 5′ to the lesion site and incoming dNTP are misaligned ([Fig. 2f,g](#F2){ref-type="fig"}), and the \[AF\]G(*anti*)•C pair is shifted to the (--2) position ([Fig. 2g-i](#F2){ref-type="fig"}). Residue C5, which was expected to form a base pair with dGTP, is looped out of the DNA helix into the major groove, and stacks against the surface of the little finger domain ([Fig. 2h](#F2){ref-type="fig"}). Residue A4, located 5′ to C5, is inserted back into the double helix at the (--1) position and does not have a pairing partner. The rest of the single stranded template overhang (residues C1-A3) has poor electron density.

The incoming dGTP at the (0) position also does not have a pairing partner. The sugar of dGTP is positioned too low to stack against the aromatic ring of Tyr12 ([Fig. 2g](#F2){ref-type="fig"}), and the phosphate groups assume the 'goat-tail' conformation similar to that observed in molecule 1 ([Fig. 2c](#F2){ref-type="fig"}). Furthermore, the loop connecting β2 and β3 of the Dpo4 finger domain (highlighted by the shaded area in [Fig. 2g](#F2){ref-type="fig"}) changes its conformation, to fill the space normally taken by the sugar phosphate backbone of the template base at the (0) position and the next 5′ base of the single stranded template overhang exiting the active site ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

The AF-moiety of the \[AF\]G(*anti*) is directed towards the 3′-end of the template strand and is placed in a surface pocket of the Dpo4 little finger domain ([Fig. 2h](#F2){ref-type="fig"}). The 'top' wall of this pocket is formed by hydrophobic side chains of Val287 and Ile248, while the 'bottom' wall is created by the side chain of Arg336, which stacks against the face of the AF-moiety ([Fig. 2g,h](#F2){ref-type="fig"}). Normally this Arg336 makes hydrogen-bonding contacts with the phosphate group of the template base at the (--3) position, as observed in \[AF\]G•A-1 ([Fig. 1e](#F1){ref-type="fig"}) and molecule 1 of \[AF\]G•C-1 ([Fig. 2c](#F2){ref-type="fig"}).

Translocations of the thumb and little finger domains {#S6}
-----------------------------------------------------

The contacts of the little finger and thumb domains of Dpo4 with the template/primer DNA duplex^[@R48]^ undergo stepwise changes that produce the alignments observed in molecule 1 and molecule 2 of \[AF\]G•C-1. These changes are similar to the ones observed previously with unmodified DNA after covalent nucleotide incorporation and the dNTP binding steps, respectively^[@R49]^. The translocations are demonstrated by changes in the contacts between the protein and the DNA and are independent of the way the structures are superimposed. The details are described in full in [Supplementary Information](#SD1){ref-type="supplementary-material"}.

The \[AF\]G•A-1 complex has a pattern of Dpo4 interactions with DNA backbone phosphates similar to the one in an unmodified ternary complex^[@R48]-[@R49]^ ([Fig. 3a](#F3){ref-type="fig"}, top and bottom). In molecule 1 of \[AF\]G•C-1, the little finger domain contacts the same residues as in \[AF\]G•A-1 ([Fig. 3b](#F3){ref-type="fig"}, top), while the thumb domain is shifted towards the active site (see arrow, [Fig. 3b](#F3){ref-type="fig"}, bottom and stereo view of translocation at the full structure level in [Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}, as well as thumb domain level in [Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). The pattern of Dpo4 interactions with DNA in molecule 1 of the \[AF\]G•C-1 ternary complex resembles that of an unmodified binary complex (without dNTP)^[@R49]^. In 'mutagenic' molecule 2 of \[AF\]G•C-1, the little finger domain has translocated from the position observed in molecule 1 (see arrow, [Fig. 3c](#F3){ref-type="fig"}, top), while the thumb domain maintains its contacts as in molecule 1 ([Fig. 3c](#F3){ref-type="fig"}, bottom and [Supplementary Fig. 2d,e](#SD1){ref-type="supplementary-material"}). The Dpo4-DNA interaction pattern in molecule 2 corresponds to that of a ternary complex.

Catalytic alignment for correct and mutagenic extension {#S7}
-------------------------------------------------------

In the 'correct' molecule 1, the distance between the α-phosphate of dGTP and the 3′-C of the sugar of the 3′-primer terminal C14 (the 3′-OH is absent) is ∼5.0 Å. This distance is not substantially longer than the analogous distances in unmodified complexes with a 2′, 3′-dideoxy primer terminus (∼4.2 Å, PDB ID 2AGQ^[@R50]^, and ∼4.3 Å, PDB ID 2ATL^[@R49]^). The most significant factor affecting the catalytic competence of the molecule 1 complex is the ∼4 Å repositioning (relative to the unmodified structures) of the catalytic cation A, which coordinates the 3′-OH group and activates it for reaction^[@R23]^. The repositioning of catalytic cation A is most likely caused by the 'binary complex-like' pattern of the Dpo4-template/primer DNA interactions ([Fig. 3b](#F3){ref-type="fig"} and [Supplementary Figs. 2a,b](#SD1){ref-type="supplementary-material"}) and the improperly positioned dGTP with misaligned 'goat-tail' conformation of the triphosphate group ([Fig. 2c](#F2){ref-type="fig"}). The conformation of the dNTP and the positions of the 3′-OH group, the α-phosphate of the dNTP, and the catalytic ions are often found to deviate from their ideal values in lesion-containing Dpo4 ternary complexes^[@R15]^. An alignment step that tunes the positions of groups essential for catalysis in the spacious active sites of the Y-family polymerases is believed to be necessary prior to covalent bond formation^[@R15]^.

Primer extension in the 'mutagenic' molecule 2 also requires reorganization: while the Dpo4/DNA contacts have a normal 'ternary-complex-like' pattern ([Fig. 3c](#F3){ref-type="fig"}), the distance between the α-phosphate of dGTP and 3′-C of the sugar of C14 is ∼5.8 Å, which is greater than the ∼4.25 Å distance in the unmodified complexes. The catalytic ion A is also shifted by ∼4 Å as compared to the unmodified complexes, probably due to the C14 base being at the (--2) position ([Fig. 2g](#F2){ref-type="fig"}), instead of the expected (--1) position and the 'goat-tail' conformation of the dGTP phosphate groups.

Post-extension \[AF\]G(*anti*)•C-2 complex {#S8}
------------------------------------------

The \[AF\]G•C-2 and \[AF\]G•A-2 post-extension complexes with either C or A base opposite the \[AF\]G at the (--2) position represent a further primer extension step. The two molecules in the AU of \[AF\]G•C-2 ([Fig. 4a](#F4){ref-type="fig"}) are similar to each other and have the expected 'ternary complex-like' Dpo4/DNA contact patterns ([Fig. 3d](#F3){ref-type="fig"}, top and bottom). The nascent base pair is formed by the A4 template base and incoming dTTP, with its sugar stacked normally against the aromatic ring of Tyr12 ([Fig. 4b,c](#F4){ref-type="fig"}). The AF-moiety of the \[AF\]G(*anti*), Watson-Crick paired with C14 ([Fig. 4c,d](#F4){ref-type="fig"}), is placed in the same pocket on the surface of the little finger domain with the relocated side chain of Arg336 ([Fig. 4e](#F4){ref-type="fig"}), as in the molecule 2 of \[AF\]G•C-1 ([Fig. 2h](#F2){ref-type="fig"}). The modified-\[AF\]G•C base pair maintains the normal base stacking alignment with the adjacent C7•G13 and C5•G15 base pairs ([Fig. 4c](#F4){ref-type="fig"}). The distance between the α-phosphate of dTTP and the 3′-C of the terminal G15 primer base is ∼3.9 Å and the normal alignment of the Dpo4 active site is maintained.

Post-extension \[AF\]G(*anti*)•A-2 complex {#S9}
------------------------------------------

The two molecules in the AU of the \[AF\]G•A-2 complex ([Fig. 5a-g](#F5){ref-type="fig"}) are similar to the \[AF\]G•C-2 complex, with the AF-moiety of the \[AF\]G(*anti*) residing in the little finger domain pocket ([Figs. 5c and 5f](#F5){ref-type="fig"}). However, the partner A14 base appears to adopt multiple conformations ([Figs. 5d and 5g](#F5){ref-type="fig"}). Despite the high quality of the overall 2F~o~-F~c~ electron density map at 2.1 Å for both molecules, the density for the nucleobase of A14 is poor, while the A14 phosphate and sugar moieties are well-defined (molecules 1 and 2 in [Supplementary Figs. 4a and 4b](#SD1){ref-type="supplementary-material"}, respectively). While the exact orientation of the A14 base is not clear, we are confident of A14 placement in the minor groove in molecule 1 ([Fig. 5d](#F5){ref-type="fig"}). In molecule 2, the electron density between the phosphate group and the sugar ring of A14 is visible on a lower σ-level than it is in molecule 1; nevertheless, an inside-the-helix position of the A14 sugar is indicated ([Fig. 5g](#F5){ref-type="fig"}). The C1′-C1′ distance between the modified-\[AF\]G and A14 is ∼10.6 Å, which would be appropriate for involvement of some variation of the \[AF\]G(*anti*)•A(*syn*) alignment^[@R51]^.

Efficiency and fidelity of Dpo4 translesion synthesis {#S10}
-----------------------------------------------------

Here we show that Dpo4 preferentially inserts a correct C base opposite the \[AF\]G lesion, but further extension is both error-free and error-prone. Primer extension assays clearly demonstrate that mutagenic extension occurs and includes base deletion and base substitution errors.

Dpo4 readily elongates the 13-mer primer strand using the unmodified-G DNA template, to produce predominantly full-length 19-mer extension product in the presence of all four dNTPs; only single bands corresponding to partially extended 14-, 15-, 16-, 17- and 18-mers are evident ([Fig. 6a](#F6){ref-type="fig"}, lanes 1-5 and [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Dpo4 efficiently inserts a base opposite the \[AF\]G-adduct forming a 14-mer product, but further extension is inhibited ([Fig. 6a](#F6){ref-type="fig"}, lanes 6-10). Moreover, additional bands for 15-, 16-, 17- and 18-mers are detected, indicating mutagenic extension, while the single band for the 19-mer suggests that the correct fully elongated product was formed ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Single base incorporation experiments ([Fig. 6b](#F6){ref-type="fig"}) and Michaelis-Menten kinetic parameters ([Fig. 6c](#F6){ref-type="fig"}, [Supplementary Fig. 6 and Supplementary Table 1](#SD1){ref-type="supplementary-material"}) indicate that C is preferentially inserted opposite \[AF\]G with insertion frequency, *f~ins~*, only 8-fold smaller than it is opposite unmodified G. However, the efficiency of extension from the primer 3′-terminal C•\[AF\]G base pair via incorporation of the next correct dGTP, is reduced by a factor of ∼150, as compared to extension from the unmodified G•C base pair ([Fig. 6d](#F6){ref-type="fig"} lanes 3 and 7, [Fig. 6e](#F6){ref-type="fig"}, [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}, panel a1, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}).

Primer extension experiments from correctly paired \[AF\]G•C termini also leads to a mixture of correctly and faulty extension products ([Fig. 6d](#F6){ref-type="fig"}). In the presence of all dNTPs that are necessary for elongation, additional bands are detected (lane 2 in [Fig. 6d, and Fig. 6f](#F6){ref-type="fig"}, bottom panel). However, in the presence of dGTP and dTTP, both necessary for the correct insertion opposite template bases C5, A4 and A3, only a single 17-mer extension band is detected ([Fig. 6d](#F6){ref-type="fig"}, lane 13), indicating that error-free extension has occurred. For a dGTP mixture with dATP, the latter representing an incorrect dNTP for further extension, double bands are observed in the case of the 16-mer, indicating faulty incorporation of dATP and primer extension to 15-, 16-, and 17-mers (lane 11). Likewise, in the case of a dGTP + dCTP mixture (lane 12), the single 15-mer suggests the correct insertion of dGTP, followed by the mutagenic extension of the 15-mer to 16-mers.

We note that with the \[AF\]G-template Dpo4 pauses to extend the 18-mer to a 19-mer, while a significant fraction of the 18-mer remains unextended ([Fig. 6a](#F6){ref-type="fig"}, lanes 6-10 and [Fig. 6d](#F6){ref-type="fig"}, lane 2, and [Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}, panel a1). This suggests that this 18-mer is an extension product with a single --1 deletion. A shoulder on this band indicates that a second 18-mer extension product is present ([Fig. 6a](#F6){ref-type="fig"}, lane 10 and [Fig. 6d](#F6){ref-type="fig"}, lane 2) that may result from a deletion mutation as well as the mutagenic insertion of a nucleotide in the subsequent extension steps. Further evidence that the C5 base on the \[AF\]G-modified template can be skipped is provided in the [Supplementary Information (Supplementary Fig. 8)](#SD1){ref-type="supplementary-material"}.

Primer extension via the correct dGTP from the mismatched 3′-A, G, and T opposite the \[AF\]G adduct is inefficient ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Surprisingly, Dpo4 is robust in extending from an \[AF\]G•G terminus via addition of dTTP ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}, panel a4 and [Supplementary Fig. 7b,c](#SD1){ref-type="supplementary-material"}). This intermediate is stabilized by an incoming dTTP opposite template A4 and a correct terminal base pair between primer base G14 and template C5 ([Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}). The dNTP-stabilized misinsertion misalignment mechanism ([Fig. 7a](#F7){ref-type="fig"}) has been demonstrated previously for aromatic amine adducts and other lesions^[@R21],[@R40]-[@R42]^.

Discussion {#S11}
==========

An intermediate poised for semi-targeted mutagenesis {#S12}
----------------------------------------------------

Semi-targeted mutations are observed in both mammalian cells and in bacteria. The number of semi-targeted mutations is usually very low, but it reaches a significant fraction of the overall number of mutations (up to 25%) in some cases. Examples of semi-targeted mutations have been reported for various types of DNA lesions^[@R40],[@R52]-[@R56]^ and the \[AF\]G adduct^[@R5],[@R7]^. For Dpo4, *in vitro* observed examples include replication past (IQ)-C8-guanine^[@R42]^ and BPDE-*N*^[@R2]^-dG^[@R57]^ adducts. Details are given in [Supplementary Information](#SD1){ref-type="supplementary-material"}.

Proposed mechanisms for semi-targeted mutagenesis involve misaligned template-primer structures with the incorporation of the correct nucleotide opposite the modified base^[@R40]^. These mechanisms are similar to the ones proposed^[@R37]-[@R39]^ and observed^[@R44]-[@R45]^ for frameshift misalignment-mediated errors (depicted in [Fig. 7a](#F7){ref-type="fig"}). These alternative template/primer-dNTP alignments are stabilized by Watson-Crick base pairs surrounding the looped out bases; the correctly paired terminal base pair supports further primer extension. With lesions, the looped out bases may entail the modified one^[@R21],[@R37]-[@R43]^ and/or adjacent ones^[@R43],[@R57]-[@R58]^. Moreover, adjacent frameshift/point mutations with two or more errors are well-documented in the case of unmodified DNA^[@R37]-[@R38]^ and in the presence of lesions^[@R5]-[@R6],[@R42],[@R52]^. These adjacent mutations have been attributed to sequential realignments and extension steps that proceed through base-pair stabilized slippage intermediates^[@R37]-[@R38],[@R42]^.

The template/primer-dNTP alignment observed in molecule 2 of the \[AF\]G•C-1 Dpo4 ternary complex represents a mutagenic extension from the correct \[AF\]G(*anti*)•C base pair. In this misaligned complex, the template C5 base 5′ to the \[AF\]G is looped out and the next template A4 and incoming dNTP do not have pairing partners. If primer extension occurs in this template/primer-dNTP alignment, the resulting product will have deletions and/or mutated bases, causing semi-targeted mutations. Faulty primer extension products observed during Dpo4-catalyzed extension from the correct C opposite \[AF\[G ([Fig. 6d,f](#F6){ref-type="fig"}) can be explained by this mutagenic intermediate. Moreover, as discussed below, this mutagenic template/primer-dNTP alignment is stabilized by interactions with the polymerase.

Catalytic competence of the \[AF\]G-modified complexes {#S13}
------------------------------------------------------

In the \[AF\]G•C-1 extension complex, we observe two types of template/primer DNA and incoming dNTP alignments: correctly paired in molecule 1, and misaligned in molecule 2. In the **Results**, we have demonstrated that the active site alignments in both molecules are equivalently perturbed and require a reorganization. This is consistent with the moderate ∼150-fold overall reduction, as compared to extension from an unmodified G•C pair, in the efficiency of primer extension ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}).

In the \[AF\]G•A-1 extension ternary complex structure, the primer 3′-OH terminus of the partner A14 base is displaced from the template/primer helix by the AF-moiety with the \[AF\]G adduct in the *syn* conformation ([Fig. 1h](#F1){ref-type="fig"}); further primer extension from A14 in this extrahelical position is not possible. However, our kinetic data demonstrate that extension from the A14 base opposite the \[AF\]G adduct still occurs, although highly inefficiently, with an extension probability ∼7,000-fold smaller than from an unmodified G•C base pair ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). We hypothesize that extension from A14 might occur by rotation of the \[AF\]G into the *anti* conformation; this would place the AF-moiety into the major groove and allow the A14 to enter the helix, so that the primer 3′-OH terminus is ready for extension.

In the \[AF\]G•C-2 complex, the normal alignment of the Dpo4 active site is maintained, as detailed in **Results**, which is consistent with the nearly equal Dpo4 primer extension activity from the C5•G15 pair positioned 5′ to the unmodified-G6•C14 or the \[AF\]G6•C14 pairs ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). Thus, the presence of the \[AF\]G(*anti*) in the pocket on the surface of the little finger domain ([Fig. 4e](#F4){ref-type="fig"}) affects the catalytic efficiency only minimally.

\[AF\]G conformations in Dpo4-free and Dpo4-bound states {#S14}
--------------------------------------------------------

Comparison of \[AF\]G adduct conformations within the Dpo4 active site in the crystalline state (this study) and in free DNA duplexes in solution^[@R33]^ ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}) are described in detail under [Supplementary Data](#SD1){ref-type="supplementary-material"}. It is remarkable that the structural families observed within the polymerase in the crystal are the same as those observed by high resolution NMR studies with Watson-Crick paired duplexes, although the interactions with the Dpo4 polymerase change the conformational balance between the major groove and the base-displaced intercalated conformations of the \[AF\]G adduct^[@R33]-[@R36],[@R59]^.

Polymerase-stabilized semi-targeted mutagenesis mechanism {#S15}
---------------------------------------------------------

Our crystal structures and primer extension data suggest a distinct and novel mechanism for generating semi-targeted mutations. We propose the following polymerase-stabilized misalignment mechanism for semi-targeted mutagenesis ([Fig. 7b](#F7){ref-type="fig"}): (1) State 1, molecule 1 of \[AF\]G•C-1: The correct dNTP (dGTP) binds opposite the templating base (C5), 5′ to the lesion, for extension from a C base opposite the \[AF\]G adduct. The \[AF\]G in the *anti* conformation triggers rearrangements within the Dpo4 active site and causes the thumb domain of Dpo4 to be translocated relative to the DNA from the position observed in an unmodified ternary complex (left panel). Thus, the complex has a 'binary complex-like' DNA/Dpo4 interaction pattern. Primer extension from such a complex with a correctly aligned template/primer-dNTP will lead to the correct 17-mer upon dGTP and dTTP incorporation ([Fig. 6d](#F6){ref-type="fig"}, lane 13); however, the extension is inefficient and allows time for additional realignments to occur. (2) State 2, molecule 2 of \[AF\]G•C-1: The little finger, palm and finger domains are translocated relative to the DNA, so the \[AF\]G(*anti*)•C base pair is now at the (--2) position, the C5 base is looped out, the AF-moiety is in a pocket on the surface of the Dpo4 little finger domain, and the Dpo4/DNA-dNTP complex has a 'ternary complex-like' interaction pattern. The unpaired dGTP can be exchanged by another dNTP present in the nucleotide pool. (3) Hypothesized State 3: Covalent bond formation in the 'mutagenic' template/primer-dNTP alignment of State 2 could result in a base deletion and a mutation, because C5 is looped out, and G or another base N is inserted opposite the next template base A4. Binding of the next correct dNTP (dTTP) opposite A3 does not require a change in Dpo4/DNA contacts. The alignment of the active site resembles the post-extension \[AF\]G•C-2 complex and is catalytically competent.

Conclusions {#S16}
-----------

Our structural and biochemical data demonstrate that extension from a correct C opposite the \[AF\]G adduct in a non-repetitive sequence context can occur by both 'error-free' and 'error-prone' pathways; for the 'error-prone' case a structural rationale for semi-targeted mutations is suggested from our crystal structures. We propose that the semi-targeted mutagenesis process is driven by polymerase-template/primer-dNTP alignments in a structure where the bulky lesion is accommodated most favorably within the polymerase, but not by Watson-Crick base pairing between incorrectly aligned template/primer DNA and dNTP. Moreover, complex mutations with two errors could be achieved in one concerted step rather than by the sequential introduction of errors. Thus, a DNA lesion could trigger semi-targeted mutagenesis events that are guided by interactions with the DNA polymerase, reminiscent of the Rev1 polymerase-induced templating mechanism^[@R60]^.

Online Methods {#S17}
==============

Crystallization {#S18}
---------------

The crystals of the Dpo4 extension ternary complexes containing \[AF\]G-modified 19-mer template and 13-mer primers terminated with 2′,3′-dideoxy-A ([Fig. 1b](#F1){ref-type="fig"}) or 2′,3′-dideoxy-C ([Fig. 2a](#F2){ref-type="fig"}) opposite \[AF\]G were grown in the presence of dGTP and flash-frozen in liquid nitrogen for X-ray data collection under conditions described previously^[@R49]^. The crystals of the post-extension complexes had a 13-mer primer terminated with 2′,3′-dideoxy-G opposite a C5 base, 5′ to the lesion site, and were grown in the presence of dTTP ([Figs. 4a](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}). Several rounds of micro seeding were employed to produce the diffraction quality crystals of the \[AF\]G•A-1 and \[AF\]G•C-1 extension ternary complexes.

Structure determination and refinement {#S19}
--------------------------------------

X-ray diffraction data were collected at the NE-CAT 24-ID-C and 24-ID-E beam lines at the Advanced Photon Source (Argonne National Laboratory, Chicago). The data were collected at 1.03320 Å wavelength for \[AF\]G•A-1, at 0.97918 Å for \[AF\]G•C-1, at 0.97949 Å for \[AF\]G•A-2, and 0.97914 Å for \[AF\]G•C-2. The data were processed and scaled using the HKL2000 suite (<http://www.hkl-xray.com>). The structures of the extension and post-extension complexes were solved by molecular replacement method, using our published oxoGmodified insertion ternary Dpo4-DNA-dCTP structure^[@R49]^ as a search model. The model building, including substitution of the DNA sequence, was manually finished in TURBOFRODO (<http://www.afmb.univ-mrs.fr/-TURBO->) based on the electron density maps calculated in REFMAC (<http://www.ccp4.ac.uk/html/refmac5.html>), and the resulting models were refined in REFMAC. The crystal data, together with the data collection and refinement statistics for all structures are summarized in [Table 1](#T1){ref-type="table"}. The simulated annealing omit maps were calculated in CNS (<http://cns-online.org/v1.21/>) with the \[AF\]G, partner base and Arg336 omitted from the models before they were heated to 2,000 K and then slowly cooled. Residues disordered in the electron density maps in \[AF\]G•A-1 molecule 2 are G2-G5 and A14 of the primer strand, and C1-A4 and C15-C19 of the template strand; in \[AF\]G•C-1 molecule 1 and 2 they are C1-T2 and C1-A3 of the template strand, respectively; in \[AF\]G•A-2 and \[AF\]G•C-2 they are C1 and C19 of the template strand in molecule 1, and C19 of the template in molecule 2. Figures were prepared with PyMOL (<http://www.pymol.org>).

Primer elongation and steady state kinetic analysis {#S20}
---------------------------------------------------

Primer elongation assays and kinetic analysis of single base insertion and extension under steady-state single hit conditions were conducted as described by our group in the literature^[@R49]^. The reaction products were resolved on 20% polyacrylamide gels in the presence of 8 M urea, the gels were dried before radiography with Fuji image plates. The images were scanned on a Fuji PhosphoImager and the bands were quantified using the profile analysis mode in the ImageGauge software (Fujifilm).

Supplementary Material {#S21}
======================
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![Structure of the \[AF\]G•A-1 Dpo4 extension ternary complex. (**a**) Chemical formula of 2-aminofluorene-C8-guanine, \[AF\]G, and 2-acetylaminofluorene-C8-guanine, \[AAF\]G, adducts. (**b**) Schematic of the expected pairing of the \[AF\]G-modified 19-mer template with the 13-mer primer, ending with a 2′,3′-dideoxy-A, and dGTP in the extension ternary complex with Dpo4. The insertion position at the Dpo4 active site is denoted by (0), and the post-insertion position is denoted by (--1). (**c**) Schematic of the observed base pairing arrangement within the Dpo4 active site. (**d**) Overall structure of the \[AF\]G•A-1 complex. (**e**) Structure of the active site of the \[AF\]G•A-1 complex. \[AF\]G(*syn*) at the (--1) position is opposite disordered 3′-terminal A14 base of the primer strand. The next template base C5 is paired with an incoming dGTP at the (0) position of the active site. The first Ca^2+^, cation A, is coordinated by invariant D7, D105, and E106 residues. The second Ca^2+^, cation B, is chelated by the phosphate groups of the incoming dGTP. Simulated annealing Fo-Fc omit map contoured at 3σ level and colored in blue (2.96 Å resolution) is shown for \[AF\]G, A14 and Arg336 residues. (**f**) \[AF\]G(*syn*) opposite A14 of the primer strand. \[AF\]G in the *anti* conformation (black lines) does not fit the map. Only the phosphate group of A14 has well-ordered density. (**g**) The N2 group of modified-G(*syn*) forms hydrogen bonds with the phosphate oxygens of C5. (**h**) Base stacking arrangement of the \[AF\]G(*syn*) and neighboring base pairs. The intercalated AF-moiety leaves no room for the disordered base of A14 within the template/primer helix.](nihms223144f1){#F1}

![Structure of the \[AF\]G•C-1 Dpo4 extension ternary complex containing two distinct molecules per asymmetric unit (AU), with 'correct' and 'mutagenic' alignment for extension from the \[AF\]G(*anti*)•C base pair. (**a**) Schematic of the expected pairing of the \[AF\]G-template with the 13-mer primer, ending with a 2′,3′-dideoxy-C, and dGTP. (**b**) Schematic of the observed base pairing arrangement within the Dpo4 active site of molecule 1. (**c**) Structure of the active site of molecule 1. \[AF\]G(*anti*) at the (--1) position is opposite the primer C14 base. The simulated annealing Fo-Fc omit map contoured at 3σ level is colored in blue (2.70 Å resolution). (**d**) Watson-Crick base pair between the \[AF\]G(*anti*) and C14(*anti*) at the (--1) position. (**e**) Base stacking arrangement of the \[AF\]G(*anti*) opposite C14 and neighboring base pairs. The little finger domain residues Leu293, Arg331 and Arg 332 contact the AF-moiety. (**f**) Schematic of the observed base pairing arrangement within the Dpo4 active site of molecule 2. (**g**) Structure of the active site of molecule 2. The \[AF\]G(*anti*) opposite the primer C14 base are shifted to the (--2) position. Arg336 has repositioned to stack with the 'bottom' face of the AF-moiety. Simulated annealing Fo-Fc omit map contoured at 3σ level is colored in blue (2.70 Å resolution). The loop connecting β2 and β3 of the Dpo4 finger domain (residues Phe33 to Ala42) is highlighted by the shaded area. (**h**) Accommodation of the AF-moiety in a pocket on the surface of the little finger domain. (**i**) Watson-Crick base pair between the \[AF\]G(*anti*) and C14(*anti*) at the (--2) position.](nihms223144f2){#F2}

![Interactions of the Dpo4 little finger and thumb domains with template/primer DNA in extension and post-extension \[AF\]G-modified Dpo4 ternary complexes. The backbone DNA phosphate groups in contact with Dpo4 are labeled in color and are shown by CPK spheres. The template strand is colored in cyan, the primer strand is in green. (**a**) The \[AF\]G•A-1 extension complex has a 'ternary complex-like' Dpo4/DNA interaction pattern. The little finger domain contacts the phosphate groups of template C5-A9 and of primer A7-G9 positions (top panel). The thumb domain contacts the phosphates of the template A12 and primer A12-G13 positions (bottom panel). The DNA segment, containing template C5-A16, primer T4-A14 bases and dGTP, is shown. (**b**) Molecule 1 of the \[AF\]G•C-1 complex with 'correct' template/primer-dNTP pairing alignment has a 'binary complex-like' Dpo4/DNA contact pattern. The little finger domain contacts the phosphate groups of template C5-A9 and primer A7-G9 positions (top panel), the thumb domain is translocated compared to the position observed in the \[AF\]G•A-1 complex and contacts the phosphate groups of the template C11 and primer G13-C14 positions (bottom panel). The DNA segment, containing template C5-A16, primer T4-C14 bases and dGTP is shown. (**c**) Molecule 2 of the \[AF\]G•C-1 complex with 'mutagenic' template/primer-dNTP pairing alignment has a 'ternary complex-like' Dpo4/DNA contact pattern. The little finger domain is translocated relative to the position observed in molecule 1; it contacts the phosphate groups of template \[AF\]G6-T8 (the C5 base is looped out and the phosphate of A4 is disordered) and primer T8-G10 positions (top panel), and the thumb domain interacts with the phosphate groups of the template C11 and primer G13-C14 positions (bottom panel). The DNA segment containing template A4-A16, primer T4-C14 bases and dGTP is shown. (**d**) The \[AF\]G•C-2 post-extension complex has a 'ternary complex-like' Dpo4/DNA contact pattern. The little finger domain contacts the phosphate groups of template A4-T8 and primer T8-G10 positions (top panel), and the thumb domain interacts with the phosphate groups of the template C11 and primer G13-C14 positions (bottom panel). The DNA segment containing template A4-A16, primer T4-C14 bases and dGTP is shown. The \[AF\]G•A-2 post-extension complex has a similar Dpo4/DNA interaction pattern to that of \[AF\]G•C-2.](nihms223144f3){#F3}

![Structure of the \[AF\]G•C-2 Dpo4 post-extension ternary complex. (**a**) Schematic of the expected pairing of the \[AF\]G-template with the 13-mer primer, ending with a 2′,3′-dideoxy-G, and added dTTP. (**b**) Schematic of the observed base pairing arrangement within the Dpo4 active site. (**c**) Structure of the active site. Simulated annealing Fo-Fc omit map contoured at 3σ level is colored in blue (2.0 Å resolution). (**d**) Watson-Crick base pair between the \[AF\]G(*anti*) and C14(*anti*) at the (--2) position. (**e**) Accommodation of the AF-moiety in a pocket on the surface of the little finger domain.](nihms223144f4){#F4}

![Structure of the \[AF\]G•A-2 Dpo4 post-extension ternary complex containing two molecules per AU with different positions of the partner A14 base. (**a**) Schematic of the expected template/primer-dTTP pairing. (**b**) Schematic of the observed base pairing arrangement within the Dpo4 active site of molecule 1, with the A14 apparently oriented outside the helix. (**c**) The active site of molecule 1. \[AF\]G(*anti*) at the (--2) position opposite primer A14 base. Simulated annealing Fo-Fc omit map contoured at 3σ level is colored in blue and at 2σ level is colored in gray (2.10 Å resolution). (**d**) The A14 base positioned opposite \[AF\]G(*anti*), appears to be oriented outside the helix on the minor groove side. (**e**) Schematic of the observed base pairing arrangement within the Dpo4 active site of molecule 2 with A14 apparently oriented inside the helix. (**f**) The active site of molecule 2. Simulated annealing Fo-Fc omit map contoured at 3σ level is colored in blue and at 2σ level it is colored in gray. (**g**) The A14 base positioned opposite \[AF\]G(*anti*), appears to be oriented inside the helix.](nihms223144f5){#F5}

![Efficiency and fidelity of base incorporation and extension of primers bound to unmodified-G and \[AF\]G-template by Dpo4. (**a**) Time course of extension of ^32^P 5′-endlabeled 13-mer primers bound to 19-mer templates in the presence of all four dNTPs. The 3′-end of the 13-mer primer was paired with the template base on the 3′-side of the unmodified-G, or \[AF\]G; the 3′-end primer base of the 14-mer is paired with G or \[AF\]G. In the case of the \[AF\]G-template, additional 15-, 16-, 17- and 18-mers bands that migrate with different mobilities than the correctly elongated bands arising from the unmodified template strand, are detected, thus indicating mutagenic extension. The green triangles represent the correctly extended products; the magenta triangles represent mutagenic extension. In the case of the \[AF\]G template, the fully extended 19-mer and the shorter 18-mer products comprise ∼22% and ∼20% of the overall extended and unextended primer strands, respectively, observed after a 20 min incubation time (lane 10). (**b**) dCTP, dATP, dGTP or dTTP single nucleotide insertion. (**c**) Nucleotide insertion frequencies normalized relative to the insertion of a C base opposite the unmodified-G. The Michaelis-Menten kinetic data are from the [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. (**d**) Efficiency and fidelity of extension from a C base opposite the unmodified-G and \[AF\]G- by Dpo4. Lanes 1-2 demonstrate extension in the presence of a mixture of dGTP, dATP and dTTP. Lanes 3-6 and 7-10 show extension by a single nucleotide at a time (see labels), and lanes 11-16 show extension in the presence of two nucleotides at a time (see labels). The 15-mer to 18-mer primers containing mutated bases are indicated by the magenta triangles (**e**) Relative extension frequencies from G•C and \[AF\]G•C pairs in the presence of dGTP. The Michaelis-Menten kinetic data are from [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. (**f**) Profile analysis of ^[@R32]^P-signal intensities shown in lanes 1 and 2 of panel **d**.](nihms223144f6){#F6}

![Misalignment-mediated replication errors and proposed mechanism for the \[AF\]G-induced semi-targeted mutagenesis. (**a**) Misalignment-mediated DNA synthesis errors on lesion-modified DNA. The intermediates are stabilized by Watson-Crick base-pairing. The schematics are adapted from^[@R37],[@R39]^. The template bases colored in dark red are distinct from the DNA sequence in the present study. (**b**) Proposed mechanism for \[AF\]G-induced semi-targeted mutagenesis in the Dpo4 active site. The misaligned intermediates are stabilized by interactions with the DNA polymerase. Left panel: Schematics of base pairing alignment and the Dpo4 little finger (purple) and thumb domain (red) contacts with the 'top' portion of the template/primer DNA in an unmodified ternary complex. State 1, molecule 1 of \[AF\]G•C-1: C5 stacks above the AF-moiety, the base of dGTP is shifted toward the middle of the template/primer helix and the phosphate groups adopt a 'goat-tail' conformation^[@R50]^. In this state the thumb domain of Dpo4 is translocated relative to the template/primer DNA compared to the unmodified ternary complex, denoted by a red arrow. The State 1 complex has a 'binary complex-like' DNA/Dpo4 interaction pattern that reduces Dpo4 elongation efficiency and allows time for further realignment. State 2, molecule 2 of \[AF\]G•C-1: The little finger, palm and finger domains are translocated so the \[AF\]G(*anti*)•C base pair is now at the (--2) position, the AF-moiety is in a pocket on the surface of the Dpo4 little finger domain. The complex has a 'ternary complex-like' interaction pattern. Translocation of the little finger domain is denoted by a purple arrow, and of the finger and palm domains by a blue arrow. The unpaired dGTP can be interchanged with another dNTP. The equilibria between State 2 and State 1 would allow bringing the C5 back into the double helix for correct extension. State 3 (hypothesized): Covalent bond formation following State 2 would result in C5 base deletion, and misinsertion of G opposite template base A4. Binding of the next correct dTTP opposite A3 does not require a change in Dpo4/DNA contacts. The complex now resembles the catalytically competent \[AF\]G•C-2 post-extension complex.](nihms223144f7){#F7}

###### 

Data collection and refinement statistics.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                        \[AF\]G•A-1 Extension   \[AF\]G•C-1 Extension   \[AF\]G•A-2 Post-extension   \[AF\]G•C-2 Post-extension
  ----------------------------------------------------- ----------------------- ----------------------- ---------------------------- ----------------------------
  **Data collection**                                                                                                                

  Space group                                           P2~1~                   P2~1~                   P1                           P1

  Cell dimensions:                                                                                                                   

   *a, b, c* (Å)                                        52.8, 111.0, 100.8      54.8, 98.8, 98.6        52.4, 52.7, 100.1            52.5, 53.0, 99.9

   α, β, γ (°)                                          90.0, 101.4, 90.0       90.0, 99.1, 90.0        82.2, 76.4, 70.1             81.8, 76.8, 70.1

  Complexes per AU[a](#TFN1){ref-type="table-fn"}       2                       2                       2                            2

                                                                                                                                     

  Resolution range (Å)[b](#TFN2){ref-type="table-fn"}   20-2.96\                20-2.70\                20-2.10\                     20-2.00\
                                                        (3.07-2.96)             (2.78-2.70)             (2.15-2.10)                  (2.05-2.00)

                                                                                                                                     

  *R*~merge~ (%)                                        10.8 (71.0)             8.8 (42.1)              4.7 (40.2)                   7.5 (46.9)

                                                                                                                                     

  *I* / σ*I*                                            11.4 (1.8)              13.6 (2.4)              21.2 (3.4)                   15.9 (3.3)

                                                                                                                                     

  Completeness (%)                                      96.2 (94.3)             98.3 (97.9)             97.6 (97.1)                  96.7 (96.3)

                                                                                                                                     

  Redundancy                                            3.5 (3.2)               3.4 (3.2)               4.0 (3.9)                    4.0 (4.0)

                                                                                                                                     

  **Refinement**                                                                                                                     

                                                                                                                                     

  Resolution range (Å)                                  20-2.96                 20-2.70                 20-2.10                      20-2.00

                                                                                                                                     

  No. reflections                                       21,625                  26,483                  52,487                       59,976

                                                                                                                                     

  *R*~factor~/*R*~free~                                 20.5/28.2               19.2/25.2               20.5/26.3                    20.6/24.7

                                                                                                                                     

  No. atoms                                                                                                                          

                                                                                                                                     

   Protein                                              5,480                   5,480                   5,480                        5,480

                                                                                                                                     

   DNA                                                  1,026                   1,223                   1,305                        1,261

                                                                                                                                     

   Ligand (dNTP)                                        62                      62                      58                           58

                                                                                                                                     

   Ion (Ca^2+^)                                         6                       6                       6                            6

                                                                                                                                     

   Water                                                50                      92                      316                          465

                                                                                                                                     

  *B*-factors                                                                                                                        

                                                                                                                                     

   Protein                                              34.0                    28.0                    30.8                         30.2

                                                                                                                                     

   DNA                                                  55.2                    30.3                    45.3                         44.6

                                                                                                                                     

   Ligand (dNTP)                                        36.9                    47.8                    13.7                         20.0

                                                                                                                                     

   Ion (Ca^2+^)                                         48.8                    43.5                    41.5                         40.7

                                                                                                                                     

   Water                                                21.7                    26.3                    38.7                         38.7

                                                                                                                                     

  R.m.s. deviations                                                                                                                  

                                                                                                                                     

   Bond length (Å)                                      0.011                   0.009                   0.011                        0.010

                                                                                                                                     

   Bond angles (°)                                      1.60                    1.37                    1.46                         1.44
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

AU, asymmetric unit.

Values in parentheses are for highest-resolution shell.
